Abstract-For an Unmanned Surface Vehicle (USV) system, it is difficult to obtain a precise system model. This is mainly because the USV system is, 1) of extensively complicated and thus presents huge nonlinearities, and 2) easily to be influenced by extensive hydrodynamics. In this paper, our main motivation is to construct a quasi-Linear Parameter Varying (qLPV) dynamical model for a water-jet propulsion USV. The main content of this paper includes two steps: first, theoretical deduction of the qLPV model structure of the USV system is given in detailed including the hydrodynamics; after that, experiments are conducted and the parameter identification results are analyzed to show the priority of the qLPV model compared to some other often referred to models.
the nonlinear model has to be linearized around a specific state first, before a linear parameters estimation technique can be used. However, the parameters of the linearized models relate highly to the system states. This has been pointed out in [6] , the linearized Abkowitz model parameters are shown to be sensitive to the perturbations in surge, sway and yaw.
The linear parameter varying (LPV) model, on the other hand, is a useful generalization of linear time varying (LTV) systems. The framework of LPV model concerns linear dynamical models whose state-space representations depend on non-stationary exogenous parameters [7] . An advantage of the LPV model is that it is significantly simpler to analyze and allows the application of many linear control design methods to nonlinear plants. If the varying parameter of LPV system is a function of the system state, the varying parameter model is called a quasi-LPV (qLPV) one [8] , and this kind of model can be used to describe many nonlinear systems.
In this paper, a qLPV model for an USV system is proposed. The main motivation for this work is to construct a qLPV nonlinear model of a water-jet USV system through both theoretical computation and experimental test. The contents of this paper are organized as follows: firstly, the USV system designed in the State Key Laboratory of Robotics, Shenyang Institute of Automation (SIA) is introduced; secondly, the full state nonlinear dynamics of an USV system is given in III.A with hydrodynamics of water-jet engine; subsequently, the qLPV model of the USV system is deduced in III.B, which is followed by the linearized model and Nomoto model in III.C; after that, experimental setup and identification methods are described; finally, the identification results are listed out and analyzed.
II. PLATFORM
The USV platform designed in our institute is shown in Fig.  1 . The basic parameters of the USV system are listed out in TABLE I. The hardware structure of the USV system (as shown in Fig. 2 ) consists of five sub-systems, including on-board control system, power system, communication system, sensor and data acquisition system, and the ground station system. The acquisition system contains a GPS-INS system (see [9] ) and an IP camera, where the former is used to localize the USV and obtain some inertial state, such as attitude, velocity and acceleration and the latter aims at modeling the surroundings where the USV is in. 
III. DYNAMICS MODEL
In this section, the dynamics model of a water-jet USV system will be introduced in detail.
A. Nonlinear Dynamics
Generally, USV dynamics can be described as a 3-DOF system using Newton-Euler equation as follows, [10] (1) where u, v and r are the two translational velocities and rotational velocity of the USV denoted in the body reference frame, respectively; m is the mass of USV; Izz is the moment of inertia with respect to the vertical axis passing through the center of mass (xG, yG); X , Y , N are the resultant forces and torque exerted on the platform.
Generally, the resultant surge force X , sway force Y and yaw torque N depend on the USV's motion state and water-jet forces and torque, i.e., , , 
where X(*), Y(*) and N(*) are the resisting forces and torque acting on the body of USV due to its motion and they can be described as some functions of the motion state (u, v, r) and the corresponding acceleration , , u v r , , u v r , , [11] ; Xctrl, Yctrl, and
Nctrl are the water-jet driving forces and torque.
From [12] , the resisting forces X and Y, and torque N can be approached by some second-order polynomial functions
where X*, Y* and N* are constant coefficients (or called "speed-parameterized") representing the sensitivity of the hydrodynamic surge force, sway force and yaw torque with respect to changes in the subscript variable, evaluated at some nominal forward speed u0.
Let
T u v r , and with the use of (2) and (3), (1) can
Usually, the USV is designed to be lateral symmetric, thus yG is zero, and for water-jet USV system, the driving forces and torque are produced by the water-jet propulsion and the following equation is satisfied, cos sin sin
where T is the force produced by the water-jet propulsion; is the rudder angle; x is the distance from the water-jet nozzle to the center of mass of USV (see Fig. 3 ). Furthermore, from [13] , the water-jet propulsion thrust force T can be calculated by using the laws of energy and momentum conservation, and the result is as follows, 2 3 T K Th 2 3 Th (6) where is the throttle size, and K is some constant.
B. QLPV Model
The parameters in (4) are too complicated to obtain all the required model parameters. Thus in this sub-section, model (4) will be transformed into the qLPV form.
The nonlinear dynamics model of (4) , , ,
where Au,i, Av,i, Ar,i and Bu,i, Bv,i, Br,i are constant matrices. From the preceding deduction, it can be seen that the qLPV model structure is actually another form of the physical system model of the USV considering the approached hydrodynamics. The main advantage of the qLPV model is that its nonlinear system structure can be denoted as a special kind of linear structure, and thus 1) its parameters can be identified by linear algorithm and finally obtain a nonlinear system, and 2) mature linear control synthesis scheme can be generalized and used to obtain good enough performance.
C. Linearized Model
In most references, linear model is used to describe the basic dynamics of the USV system. Here we give a simple introduction of linearized model and Nomoto model in order to compare them with the qLPV one in model identification.
Consider the neighborhood of state point u = u0 and v = r = 0, (4) can be simplified as
where N1 is a constant matrix. Notice that surge can be assumed to be decoupled from the sway-yaw subsystem. Thus (9) can be easily linearized as (12) where Ti and Kr are constants. Furthermore, the relationship between rudder angle and turn rate r can be described as a simple first-order equation as following for large vessels [1] : r r T r t r t K t r t r t r t (13) where Tr = T1 + T2 -T3. Yu et al. suggest that the sideslip angel is no longer zero when boat's heading undergoes a small perturbation. If we assume that the magnitude of velocity of USV is unchanged, yaw perturbation is small, the total thrust F 's direction is opposite to the direction of total velocity V, then we can get [14] T Kr K K (14) where T = mV/F , and K = -mV/F ; m is the mass of USV.
Combining (14) with (13) (1) Response to reference throttle with a fixed rudder angle, i.e., Th changes and = 0; (2) Response to reference rudder angle with a fixed throttle i.e., Th = 30%, 60%, 100% of full scale and changes.
The parameters to be measured include rudder angle , throttle , course angle , forward velocity u, sideslip velocity v, turn rate r and acceleration of u using sensors introduced in II. All the data are measured in every 5ms.
V. IDENTIFICATION METHODS
In this section, the identification methods are described for the two linear models (10), (11) and (15) , and the qLPV model (7).
A. Linear Model Identification
For linear models, they can be directly discretized as [16] 1 1 
B. QLPV Model Identification
The qLPV model (7) can be discretized as follows: 
Similarly, the explicit solution, denoted by ˆ , can be given as [17] 
where is the Tikhonov matrix.
VI. IDENTIFICATION RESULTS
Firstly, we identify linear model (10), (11) and (15). The results are given in Table II-IV. From Table II -IV, it can be concluded that the linear steering model parameters relate highly to the forward velocity, especially for the sideslip model. This is why we cannot use only linear model to design a controller which work well enough under different conditions. Similarly, the same data reused for the identification of the qLPV model, and the results are given in TABLE V-VI. In order to analyze the precision of the qLPV model compared to the linear model. Prediction experiments are conducted using different groups of data and the prediction (20 time step prediction) results using different models are partially listed out in Fig. 4-7 . Fig. 4 and Fig. 5 are the case of predicting the forward velocity u, while Fig. 6 and Fig. 7 are the case of predicting the sideslip velocity v and turn rate r, respectively. From these figures, the precision improvement of the qLPV model can be seen clearly. Furthermore, in order to quantitatively compare the precision of speed models and steering models. We define the following cost functions 
J v i v i t r i r i t (22)
where ttotal is the total time of the time histories; upre, vpre, rpre are the predicted stated using different models; ureal vreal, rreal are signals obtained from the validation data which is independent of the identification data; a is the normalization weights, which is defined as, mean mean mean v a v r The computational results are listed out in TABLE VII-VIII. From them, it can be concluded that 1) the qLPV model is much more precise than that of the linear model and the Nomoto model; 2) the small perturbation in the direction of sway and yaw have little influence on surge dynamics, this is why the value of cost function of speed model is much smaller compared to steering model; 3) it is unsurprising that the accuracy of qLPV model and linear model improves with increasing speed, since the influence of noise becomes smaller with speed increasing.
VII. CONCLUSION
In this paper, nonlinear modeling and parameter identification problem of a water-jet USV system is researched. The main contributions of this work are as the following two points, 1) a qLPV model is constructed through considering the 3-DOF nonlinear USV model; 2) the parameters of the qLPV model are identified through real experiments. Through quantitatively evaluating the behavior predictive error, it has been shown that the qLPV model is much more accurate than two linearized models.
In future's work, this qLPV model will be used to design motion controller of our USV system.
